The cross section for electron scattering by nuclei at high momentum transfers, is cal- Electron scattering by nuclei at high momentum transfers presents new interesting
the target response, one should start from a relativistically covariant theory of nuclei; but, it is not possible due to the difficulties in treating meson exchange interactions in many body systems. On the other hand the probability of finding a nucleon with a given three-momentum inside the target nucleus and its binding properties , are well known nonrelativistic nuclear structure problems. Thus, a model that connects both regimes is necessary.
Data coming from the NE3 SLAC experiment [1] were analyzed with different approaches, starting with the PWIA . In the Born approximation the A(e, e ′ )A ′ differential cross section reads
being k, k ′ ≡ |k|, |k ′ |, W A µν the nuclear response tensor,
(q 2 /2−m 2 /2)g µν ] the lepton tensor describing incoming and outgoing plane-Wave electron states of momentum k = (ǫ ≡ √ k ′2 + m 2 , k) and
and Ω ′ ≡ (θ, φ) the scattering angle. The PWIA lies on the following assumptions:
i)the nuclear current operator can be written as the sum of the one-body nucleon currents;
ii)the target virtually decays into a on-shell (A-1) nucleus (spectator) and the off-shell (p 2 = M 2 ) struck nucleon, of four-momentum p = (p 0 , p) ; and iii)the nucleon absorbing the photon is the same that leaves the target without interaction with the spectator. This means that final state interactions (FSI) between the emerging nucleon (or hadron) and the rest of nucleons, are dropped. On these bases, within the PWIA, the nuclear response can be express as a convolution [3] 
of the nucleon response w mt µν (p, q) (m t = 1/2 and −1/2 for neutrons and protons respectively) with the nuclear spectral function P mt (E, p). This gives the join probability of finding a nucleon with three momentum p inside the target nucleus, and remove it with an energy E = E B + E exc A−1 . E B = M A−1 + M − M A is the nucleon binding energy and E exc A−1 the excitation energy in which the residual nucleus is left. For fixed ω and q (or θ) , θ (or q) is determined from the relation q 2 = (ǫ + ω) 2 + ǫ 2 − 2(ǫ + ω) ǫ cos θ, where we make m ≈ 0. Thus the response (2) really depends on ω and q, or ω and θ as independent variables . Finally, note that p 0 = p 0 (E, p), which means that the energy of a nucleon inside the nucleus depends on its removing energy and the nucleon three-momentum.
One of the first PWIA calculations included one-hole (1h) and two-particle -one-hole (2p-1h) configurations in the spectral function [2, 3] , while the nucleon inelastic response was taken from the experiment through parameterizations for proton or deuteron scattering [4] . In terms of the x ≡ ω qe /ω Bjorken variable 1 , the cross sections have been fairly well reproduced in the quasielastic peak x ≈ 1 and inelastic x < 1 regions, while is underestimated for x > 1. When the nuclear spectral function is approximated by the naive nucleon momentum distribution in the target
(Fermi smearing approximation), both the quasielastic and inelastic cross section regions are strongly overestimated. FSI were introduced in different ways in order to correct the discrepancies at x > 1. Assuming a factorization hypotesis for the final state wave function into a A − 2 nucleus plus a correlated pair [5] , the PWIA has been extended avoiding the differences in the region 1 < x < 2. For x > 2 more than two nucleons should be involved in the scattering process and thus the use of an optical potential was required [6] . However, the effect of combine two-nucleon rescattering (pair correlation) with onenucleon rescattering (optical potential) for the cross section in different geometries, has not been analyzed. Benhar et al. introduce FSI through a folding function calculated by multiple-scattering Glauber theory plus color transparency [7] , improving also the usual PWIA results for x > 1.
The recent CEBAF 4.05GeV electron scattering [8] experiment covers the range 1 < Q 2 < 7(GeV /c) 2 and 0.2 < ∼ x < ∼ 4.2, and vastly extend the angular and energy-loss range of the older NE3 SLAC experiment. Rinat and Taragin [9, 10] analyzed these results adopting an alternative approach to the PWIA. The nuclear response function is treated in a relativistic extension of the Gersch-Rodriguez-Smith series [11] , and FSI are introduced through binary collisions. Experimental results are well reproduced for x < 1 and in the left hand side neighborhood of the quasielastic peak x > ∼ 1 [12] . Nevertheless, for all θ geometries the calculated cross section overestimates the data by a factor up to 2-3 in the low energy lost region, being these discrepancies associated to the use of different 1 The quasielastic peak energy for a nucleon at rest corresponds to ω qe ≡ Q 2 /2M , which for q/M ≫ 1 reduces to ω qe ≈ q. acceptable momentum distributions in the calculation.
In order to implement the PWIA or any extension including FSI, one must to address some important questions. First, the nucleon response function is experimentally determined for on-shell (free) targets from proton or deuteron scattering, being p 2 = M 2 (or
In electron scattering we have an off-shell bounded nucleon with p 2 = M 2 (or p 0 = E p ), being necessary a prescription for p 0 = p 0 (E, p).
Second, depending on the chosen prescription, an extension of the on-shell nucleon response to the off-shell regime results to be necessary as input for the nuclear response calculation. The minimal hypothesis adopted in majority of works is to assume that
, where p and q depend adopted p 0 (E, p) dependence.
Third, whatever should be the chosen ( p, q) pair we have a lacking in the electromagnetic gauge invariance of the nucleon and nuclear response functions, w mt(off-shell) µν
to the on-shell to off-shell extension. This amounts an additional complication, being required a procedure to restore current conservation [3] .
In the present work we develop a new version for the PWIA, with an alternative way to deal with the off-shell effects, keeping at the same time gauge invariance and the covariant kinematics of the struck nucleon. As the electron probes a region of dimensions 1/q, at enough high momentum transfers surface effects in nuclei are supposed of minor importance, thus we adopt nuclear matter framework. Within this PWIA a nucleon will be bounded, moving in a relativistic mean field based on quantum hadrodynamics (QHD I) [13, 14] . FSI are included in certain degree, since the nucleon acquires an effective mass, and is bounded also after the interaction with the photon. The Fermi smearing approach is adopted, being the A-target nucleon momentum distribution calculated by a perturbation theory in a 0p0h + 2p2h + 4p4h space, within a non-relativistic nuclear matter picture. Then, when the struck nucleon is removed, we have 1h, 2p3h, 4p5h, 1p2h,and 3p4h excitations in the residual A-1 nucleus. We get a very good agreement with the CEBAF 4.05GeV electron scattering cross section for 56 Fe at all the measured geometries, avoiding the problems at x ≥ 1 in previous Fermi smearing approaches and with other momentum distributions . Both, pair correlations and one nucleon rescattering are included in our approach in a very naive but consistent fashion. In addition, different parameterizations for the inelastic nucleon response measured at SLAC, are analyzed.
The nucleus response tensor can be obtained from the Lorentz invariant amplitude as
being P A = (M A , 0) and 
σ µν q ν for the nucleon elastic response case, being κ the nucleon anomalous magnetic moment, and
is the nucleon field. In QHD I the nucleon is bounded by vector and scalar meson exchange interactions. If these meson fields are approximated by their vacuum spectation (constant)
values, we are in the MFT [13] where
with
the effective mass acquired by the nucleon by action of the attractive scalar field φ 0 , V 0 the vector repulsive field, and g S and g V the corresponding coupling constants. Assuming that the residual nucleus is left in its ground state, the target response tensor in the PWIA + MFT approximation can be obtained from Eqs. (3) to (7) adopting the prescriptions ii) and iii) mentioned above, and reads
where the factor 2 resembles the sum over spin states, and
normalized as 2 dp n mt (p) = N mt , with N mt = N, Z for m t = 1/2, −1/2. The elastic
Lorentz scalar functions present in (9) are
where
the electric and magnetic form factors, and τ = Q 2 /4M * 2 . In the numerical calculations we adopt the Sachs form for them and also assume that these form factors do not change in the nuclear medium [17] . Equations (9), (11) and (12) show that the MFT leads to the prescription w
for the elastic case. The nucleon spinors carry a four momentum p * , which satisfies are now also fulfilled as were for a nucleon of mass M, as consequence of the form for the nucleon response in Eq.(9) [18] .
For Q 2 > 1 (GeV/c) 2 the probability of exciting internal states of the nucleon is important. The CEBAF experiment covers the range 1 < Q 2 < 7 (GeV/c) 2 and 0.2 < ∼ x < ∼ 4.2.
Thus, we replace w mt e 1,2 in (9) by
adding an inelastic nucleon response contribution w 
by using an alternative function R mt (Q 2 , ν). (Q 2 , ν * ). Finally, the decomposition in Eq.(13) leads through the Eqs. (8), (9) and (1) to split the inclusive cross section (1) as
The nucleon momentum distribution n mt (p) gives the probability of finding a nucleon with momentum p, and isospin m t in the target |0 A . Nucleon-nucleon correlations are included within a perturbative approach [19] , |0 A containing 2p2h and 4p4h admixtures, in addition to the 0p0h configuration as follows
where these |npnh , n = 0, 2, 4 states correspond to the unperturbed nuclear matter hamiltonian. The distribution n mt (p) is obtained from Eqs. (10) and (16) Figure 1 . Goldstone diagrams corresponding to the second-order 2p2h correction δn (2) (p) (a) and fourth order 4p4h correction δn (4C) (p) (b,c,d,e). Each line indicates schematically a particle or a hole state, the dots represent the residual interaction and the encircled dots correspond to the number operator n(p). With b, c, d and e we indicate different ways to attach the number operator to a particle or hole line in δn (4C) (p).
the coefficients c 2p2h and c 4p4h up to the first and second order, respectively. This "minimum" perturbative scheme allows to include norm corrections N = 0 A |0 A −1 , avoiding contributions of unbalanced disconnected diagrams [19] . We get
where p ≡ |p| is measured in units of the Fermi momentum p F , and n(p) reads
The first term is the usual 0p0h Fermi step function, while δn (2) (p) and δn (4C) (p) (where the superscript C indicate "connected" 4p4h diagrams) enclose 2p2h and 4p4h contributions respectively, which deplete it. The resulting distribution n(p) and explicit expressions for δn (2) (p) and δn (4C) (p), are given in Ref. [19] . Goldstone diagrams corresponding to these contributions are depicted in Figure 1 . , for both parameterizations and R mt for Whitlow, are described in detail in Ref. [14] . It is important to mention that, as both parameterizations do not cover all the low energy and momentum transfer region of CEBAF, an extrapolation is necessary, which would introduce some uncertainties in the calculation. From Ref. [13] , M * for 56 Fe (p F = 1.46 fm −1 ) within the MFT takes the value 0.648M. This is a low mass value to reproduce the quasielatic peak width and position, as can be seen by analyzing the sensibility of the cross section with M * [21] .
We try to improve the description by adding the zero point mass corrections to the MFT hamiltonian and go ahead to the relativistic Hartree approximation (RHA) [25] , where now we get M * = 0.74M for 56 Fe.
Our results are shown in Figure 2 . As can be seen, the overall agreement is very good for all angles. At ω < ω qe (x > 1) Withlow's fit seems lead to a little better correspondence than Bodek's one, which possibly is due to differences in the extrapolation of these parameterizations for the x > 1 range. For ω > ω qe (x < 1) the behavior is opposite. In addition it can be seen that the model tends to overestimate the data for x > 1, in the last two θ values. The inelastic contribution d 2 σ i /dΩ ′ dǫ ′ should dominate the cross section at these geometries since Q 2 > ∼ 4(GeV /c) 2 , and this overestimation would be as consequence of uncertainties in the extrapolated inelastic nucleon response functions for x > 1. We also conclude that our momentum distribution is appropriated for this calculation. In fact, the overestimation by a factor 2-3 in the computed cross section at lowest energy losses (x > 1) [12] related with the use of other implemented distributions,
is not present in our calculation. For the quasielastic response defined by Eqs. (9), (11) and (12), FSI are taken into account explicitly at the level of a mean field approach, and the size and position of the quasielastic peak are controlled by τ = Q 2 /4M * 2 (which 
,2 on-shell functions. We believe that the implemented momentum distribution is consistent with the way of introducing FSI, and with the value adopted for M * . This would be seen when the effect of changing M * , is compared with the contributions coming from the hole and particle strength functions. These can be extracted, from the nucleon momentum distribution [21] .
Another important feature to analyze in high momentum electron scattering is the y scaling concept, firstly introduced by West [22] and Kamazoe [23] . The scaling variable y represents the minimum momentum of the struck nucleon along (parallel or anti-parallel) the virtual photon direction, and a scaling function F (y, Q 2 ) [2] can be defined as
where p min = yq,
is the polar averaged elastic off-shell nucleon cross section [24] , Q 2 is obtained for the (ω, q) pair from Q 2 = q 2 − ω, and y is determined from the energy conservation condition
The experimental scaling function could be extracted from the measured cross section and compared with a theoretical calculation. If PWIA is valid and the quasielastic scattering is the dominant reaction mechanism, it can be shown from Eqs. (1), (8), and (19) that
at high Q 2 values should to scale depending only on y as
Experimental scaling functions have been determined in various experiments. The SLAC measurement of Ref. [1] suggest an approach to the scaling limit for heavy nuclei but only for low values of y < −3GeV /c at momentum transfers up to Q 2 = 3(GeV /c) 2 . The theoretical scaling function (19) at high Q 2 transfers, was calculated within the PWIA in Ref. [2] both for light and medium nuclei, showing an important underestimation of the data. When the Fermi smearing approach was adopted that the data was strongly overestimated for y < −0.3GeV /c. When FSI are included, the calculations of the scaling functions are improved [7, 5] , specially when the evolution of F (y, Q 2 ) with Q 2 at fixed y is analyzed. The data at CEBAF [8] represent a significant increase in the Q 2 range compared with previous measurements, extending also the covering of y and observing at first time scaling at y = −0.5GeV /c. These data suggest a scaling behavior consistent with an approach to the PWIA limit (21) , but FSI contributions coming from correlated nucleons cannot be excluded, since they have a weak Q 2 dependence being persistent at high momentum transfers. Calculations achieved in Ref. [12] , where a different scaling variable is introduced, arrive at the same conclusion. 0 geometries of CEBAF experiment [8] . Results corresponding to the fits of Bodek (thin lines) and Whitlow (thick lines) for each geometry are shown.
We calculate the theoretical scaling function defined in Eq. (19) , by using the theoretical cross sections showed in Figure 2 mentioned. Again, Whitlow's fit leads to better results for y < 0 (ω < ω qe ), while Bodek's one for y > 0 (ω > ω qe ) (see Figure 2 ). Note that while the cross section as function of ω and θ varies over many orders of magnitude, the experimental scaling function for y < ∼ − 0.1 GeV/c shows a clear approach to a universal curve depending only on y. This behavior is also followed by the theoretical curves, but with more dispersion.
In summary, we have implemented a new version of the PWIA approach to treat the scattering of GeV electrons by nuclei. At difference with previous calculations, we include binding effects of the struck nucleon in the final states through the nucleon effective mass, being FSI considered at the mean field level. The nucleon effective mass is obtained with the RHA approximation that leads to better results than the plain MFT one [14] . In our approach, current conservation is respected naturally without ad-hoc modifications in the structure functions [3] . Fermi smearing effects are introduced through a momentum distribution that accounts for the presence of 2p2h and 4p4h correlations in the target and are introduced through a perturbative approach in nuclear matter. FSI between a pair of particles or holes of a npn'h correlation in the residual nucleus, is taken into account through the effective mass M * . Thus we are including indirectly the contribution of a correlated pair to FSI, in addition to the one-nucleon rescattering generated by the mean field. Both effects, FSI and Fermi smearing seems that combine properly in the model, since the CEBAF 4.05 GeV electron scattering differential cross for 56 Fe is reproduced very well for all the accesible geometries. This improves descriptions achieved in other different approaches [12] . We analyze for first time the scaling properties of the nuclear response in terms of the y variable associated to the PWIA in the MFT (or RHA) framework. The description of the experimental scaling function is also satisfactory in our model. The behavior of the scaling function at fixed y values, the description of the hole and particle strength functions, and the dependence of the model with M * , will be analyzed elsewhere [21] . The model does not pretend to substitute more evolved treatments on the problem, but gives a consistent and simple PWIA version which reproduce satisfactory and globally the present data.
